A thermo-stable, proteinaceous protease inhibitor (LPI) from Lawsonia inermis is reported. The LPI was purified from Lawsonia inermis seeds by subsequent ammonium sulfate precipitation, ion exchange chromatography (DEAE-Cellulose) and gel permeation chromatography (Sephadex-50). The purified protease inhibitor is effective against a wide range of proteases viz. papain, trypsin, pepsin and metallo-protease. The apparent molecular weight of the protease inhibitor is 19 kDa, determined by SDS-PAGE electrophoresis. The protease inhibitor was found to be stable at 70 C for 30 min. It was also examined for antibacterial activity against Pseudomonas aeruginosa MTCC 7926 and Staphylococcus aureus NCIM 2079; the IC 50 values of the purified LPI were 11.4 µg/mL and 16.6 µg/mL respectively.
Protease inhibitors (PIs) are ubiquitous in the plant kingdom [1] . They are usually small proteins that have been mostly described as occurring in storage tissues, such as tubers and seeds, but they have also been found in the aerial parts of plants [2] . Most PIs have been reported in plants belonging to three main families viz. Leguminosae, Solanaceae and Gramineae [3] , but species in other families could represent a source of PIs with novel properties suitable for biotechnological exploitation [4, 5] . Involvement of bacterial proteases in processes like colonization, evasion of host defence, facilitation of dissemination, and host tissue damage during infection, has proven them as important targets of antimicrobial therapy [6] . Investigations of several plant PIs contributed in the identification of protease as an important target for drug designing and fuelled the research in this field.
Lawsonia inermis L. (henna), family Lythraceae, is a commercial dye crop. It is documented to have refrigerant, expectorant, antiinflammatory, liver tonic, antipyretic, antiperspirant, sedative, diuretic, emetic, and haematic properties [7, 8] . The plant is also reported to have potential antimicrobial properties viz. tuberculostatic [9] , antiviral [10] and antibacterial activities [11, 12] . Although, L. inermis is known to contain a diverse range of bioactive molecules with commercial importance [13] , a proteinaceous protease inhibitor has not yet been reported. In the present investigation a thermo-stable, proteinaceous protease inhibitor from the seeds is reported.
The crude extract of leaves, bark and seeds of L. inermis were analyzed for trypsin inhibition. The seed extract showed maximum trypsin inhibition activity followed by leaves and bark ( Figure 1 ). Trypsin inhibitory [14] and protein glycation inhibitory activities [15] of an ethanolic extract of L. inermis leaves have been reported earlier.
The active ingredients from L. inermis reported to have antimicrobial and protease inhibition activities were nonproteinaceous components like lawsone, gallic acid, quinones and terpenoids. Also, leaves of henna were documented as the most effective against the spectrum of tested bacteria compared with the seeds [11] . In this investigation, a proteinaceous protease inhibitor was reported for the first time from seeds of L. inermis.
The protein concentrate obtained from the seeds, on subsequent three step purification, resulted in a 46.5 fold purification, with 41.8% recovery (Table 1 ). Electrophoretic separation by SDS-PAGE of the proteinaceous protease inhibitor of L. inermis (LPI) showed a single band with an approximate molecular weight 19 kDa ( Figure 2B ). The homogeneity of the purified LPI was further confirmed by using reverse zymography, which revealed a dark blue zone of protease inhibition, on subsequent Coomassie blue staining and de-staining ( Figure 2C ). Proteinaceous protease inhibitors have been detected in several plant seeds [3, 16] . A small molecular weight protease inhibitor (19 kDa) from L. inermis corroborated other reports. Trypsin inhibitors with molecular masses of 20-30 kDa from Phaseolus vulgaris seeds [17] , an aspartic protease inhibitor (12.84 kDa) from Lupinus bogotensis seeds [18] , a proteinase inhibitor (~8 kDa) from Vigna mungo seeds [3] and a trypsin inhibitor (14 kDa) from V. radiata [19] were studied earlier.
The LPI was found stable at 30-70 C for 10 min and was inactivated at 80 C within 10 min ( Figure 3 ); while at 70 C it retained 93% activity even after 30 min. The thermo-stability of the reported LPI was comparable with that of plant protease inhibitors from other plants like Archidenddron ellipticum seeds [20] , Hevea brasiliensis [21] , and the aspartic protease inhibitor from Lupinus bogotensis seeds [18] , which were stable at more than 60 . An extreme high thermal stability at 120 for 1 h was stated for the trypsin-like protease inhibitor of Opuntia streptacantha [16] .
The kinship of LPI inhibitor with different proteases was also evaluated. The LPI was confirmed to have inhibition activity against pepsin (serine protease), papain (cysteine protease), alkaline protease of Pseudomonas aeruginosa (metallo-protease), and trypsin (serine protease) ( Figure 4 ). The protease inhibitor of L. inermis efficiently inhibited a broad range of proteases, which indicates that it would be probably inserted in the reactive loop of the active site of these proteases. Most protease inhibitors bind to proteases in a substrate-like manner and are hydrolyzed very slowly, but products are not formed [22] . The protease inhibitor of Moringa oleifera was also reported to inhibit a broad range of commercial and therapeutically important proteases [5] . The evaluated IC 50 values of the LPI were 11.4 and 16.6 µg/mL against Pseudomonas aeruginosa MTCC 7926 and Staphylococcus aureus NCIM 2079, respectively. P. aeruginosa is an opportunistic pathogen that causes bronchiectasis, cystic fibrosis and blue pus formation in wounds of burned patient. The protease plays an important role as a virulence factor [23] . Protease was also confirmed to play an important role as a virulence factor for another opportunistic pathogen, S. aureus, a causative agent of severe to moderate pyogenic skin infections [24] . Effectiveness of the studied LPI may imply its usage in the treatment of these infections. Plant PIs with antibacterial potentials were reported earlier. Napin, isolated from Barssica chinesis seeds, was found to have antibacterial activity against Pseudomonas aeruginosa and Bacillus cereus [25] , and another protease inhibitor, potamin, isolated from Solanum tuberosum was active against Staphylococcus aureus [26] .
In a nutshell, a thermo-stable, small molecular weight protease inhibitor, extracted from seeds of Lawsonia inermis (LPI), is reported for first time. The LPI has potential to be used effectively in the regulation of commercially exploited proteases on an industrial scale. Antibiotic resistance has been reported for several bacteria against currently marketed antibiotics; this antibacterial effectiveness suggested the feasibility of LPI as an alternative therapeutic agent for treatment of bacterial infections. Extraction procedure: The mature dried seeds (25 g) of Lawsonia inermis were soaked in 100 mL phosphate buffer (0.2 mol/L, pH 7.2). A fine paste was obtained using a grinder and further defatted by stirring for 30 min in a 2:1, v/v, mixture of ethanol and diethyl ether; the extraction process was repeated 3 times. The defatted seed paste was immersed in phosphate buffer overnight at 4 . The seed suspension was further clarified by centrifugation at 5000 rpm for 10 min 4 C; the pellet was discarded and the suspension was used for further purification. The leaves and bark crude extracts were prepared by the same method. dialysate was applied to a DEAE-cellulose column (2 × 9.5 cm), pre-equilibrated with phosphate buffer (pH 7.2), while the protein fractions (8 mL) were eluted with a linear gradient of 0-0.25 mol/L NaCl in the same buffer at a flow rate of 0.66 mL/ min. Fractions showing protease inhibition activity were pooled and applied to a Sephadex G-50 column (2 × 85 cm) pre-equilibrated with phosphate buffer (pH 7.2), at a flow rate of 1.0 mL/min; fractions of 3.0 mL were collected. Fractions containing protease inhibition activity were used for characterization. Protein was measured using the Folin Lowry method [27] , with bovine serum albumin (BSA) as a standard.
Experimental

Purification of protease inhibitor:
The activity and molecular weight of the purified protein fraction was analyzed with 12.0% SDS-PAGE, as described by Laemmli [28] . Detection was with Coomassie blue R-250 staining. The molecular weight of the LPI was determined by comparing the relative mobility of the protein markers (Genei, Bangalore India) viz. bovine serum albumin (66 kDa), ovalbumin (43 kDa), carbonic anhydrase (29 kDa) and lysozyme (14 kDa) . The purity of the protease inhibitor was confirmed by a reverse zymography method [29] .
Protease inhibition assay:
Protease inhibition activity was analyzed by a modified Kunitz method [30] . Aliquots of trypsin and LPI were prepared in 0.2 mol/L phosphate buffer (pH 7.2). One mL aliquot of trypsin (400 U/mL) was pre-incubated with 1 mL of a suitable dilution of the protease inhibitor (containing 0.18 mg/mL protein concentration) at 37 for 1 h. One mL of 0.65% casein was added to the trypsin-LPI mixture. The reaction mixture was immediately swirled and incubated at 37 . After 10 min of incubation, reaction was arrested by addition of 3.0 mL chilled TCA mixture (0.11 M trichloracetic acid, 0.22 M sodium acetate and 0.33 M acetic acid).
The content was mixed thoroughly by swirling and incubated at room temperature for 30 min. The reaction mixture was filtered through Whatman filter paper no.1 and the absorbance of the filtrate recorded at 280 nm. Similarly, an assay set without protease inhibitor was analyzed. Each assay was conducted in triplicate. One unit of protease activity was defined as the amount of enzyme that liberated 1 µg of tyrosine per mL of the reaction mixture per min under the assay conditions. Protease inhibitor activity was defined as the difference between the proteolytic activities measured in the absence and presence of inhibitor. The protease inhibitor activity was expressed in terms of per cent inhibition. [31] , was also assessed for effect of LPI. The protease inhibition assays were conducted in the same sway as the trypsin inhibition assay discussed previously.
Effect of protease inhibitor on proteases:
Thermo stability of protease inhibitor: Thermal stability of the purified LPI (~500 U/mL) was evaluated at different temperatures (40, 50, 60, 70, 80, and 100 C) for 10 and 30 min. After cooling the samples at room temperature residual protease inhibition activity was determined.
Antibacterial activity of protease inhibitor:
In vitro susceptibility of Staphylococcus aureus NCIM 2079 and Pseudomonas aeruginosa MTCC 7926 towards various concentrations of purified protease inhibitor were examined by employing modified Mueller-Hinton broth having the composition (g/L) casein, 17.50; bovine serum albumin, 10; starch, 1.5 and pH 7.3 at 37 C. A bacterial suspension of 10 4 cfu per mL was used to determine the inhibitory concentration (IC) of the protease inhibitor by the tube dilution method. The IC 50 was defined as the concentration that caused a 50% reduction as in the absorbance at 600 nm of the bacterial cell suspension after incubation at 37 C for 24 h [32] . Positive and negative controls were used for comparison.
